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E-mail address: M.J.Danson@bath.ac.uk (M.J. DansLike many other aerobic archaea, the hyperthermophile Sulfolobus solfataricus possesses a gene
cluster encoding components of a putative 2-oxoacid dehydrogenase complex. In the current paper,
we have cloned and expressed the ﬁrst two genes of this cluster and demonstrate that the protein
products form an a2b2 hetero-tetramer possessing the catalytic activity characteristic of the ﬁrst
component enzyme of an acetoin dehydrogenase multienzyme complex. This represents the ﬁrst
report of an acetoin multienzyme complex in archaea, and contrasts with the branched-chain 2-
oxoacid dehydrogenase complex activities characterised in two other archaea, Thermoplasma acido-
philum and Haloferax volcanii.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In eukaryotes and aerobic bacteria, the oxidative decarboxyl-
ation of 2-oxoacids to their respective acyl-CoAs is catalysed by
2-oxoacid dehydrogenase complexes (OADHCs). These are large
protein complexes consisting of multiple copies of three compo-
nent enzymes: 2-oxoacid decarboxylase (E1), dihydrolipoamide
acyltransferase (E2) and dihydrolipoamide dehydrogenase (E3).
Members of this family include the pyruvate dehydrogenase com-
plex, which converts pyruvate to acetyl-CoA, thus linking glycoly-
sis with the citric acid cycle; the 2-oxoglutarate dehydrogenase
complex, which converts 2-oxoglutarate to succinyl-CoA within
the citric acid cycle; and the branched-chain 2-oxoacid dehydroge-
nase complex, which converts the deaminated branched-chain
amino acids to their respective acyl-CoAs. In all these OADHCs,
the cofactor lipoic acid is covalently attached to the E2 component,
and serves to connect the three active sites and so channel sub-
strate through the complexes [1].
In bacteria a fourth, closely-related complex is involved in the
metabolism of acetoin, a neutral molecule used as an external en-chemical Societies. Published by E
orophenolindophenol; E1, 2-
nsferase; E3, dihydrolipoam-
OADHC, 2-oxoacid dehydro-
on).ergy store by a number of fermentative bacteria. This acetoin dehy-
drogenase complex also has multiple copies of E1, E2 and E3 and
operates via the same lipoic acid mediated mechanism, although
acetaldehyde, and not CO2, is released by the action of E1 [2].
In archaea, the decarboxylation of 2-oxoacids is catalysed by a
family of 2-oxoacid ferredoxin oxidoreductases (FORs) that are
mechanistically and structurally unrelated to the OADHCs. FORs
do not possess a lipoic acid moiety, or directly reduce NAD+; in-
stead, the acyl group produced by decarboxylation of the 2-oxoacid
is passed directly to coenzyme A (CoA) with electrons being passed
to ferredoxin via iron-sulfur clusters. As with the OADHCs, the FOR
family includes pyruvate FOR, 2-oxoglutarate FOR and a branched-
chain 2-oxoacid FOR.
Neither 2-oxoacid nor acetoin dehydrogenase complex activity
have ever been detected in any archaeon, although the presence
of putative OADHC-encoding operons is evident from the genome
sequences of a number of aerobic archaea, including species of
the genera Halobacterium, Haloferax, Thermoplasma, Aeropyrum,
Pyrobaculum and Sulfolobus [3–5]. To investigate the possible func-
tion of these archaeal genes, we have recombinantly expressed the
four OADHC proteins from Thermoplasma acidophilum and shown
them to assemble into an active branched-chain 2-oxoacid dehy-
drogenase complex of Mr  5  106 that also possesses activity
with pyruvate, albeit to a less extent [6]. Moreover, recent muta-
tional evidence suggests that the OADHC of Haloferax volcanii is
essential for growth on isoleucine, although not on the other
branched-chain amino acids [7].lsevier B.V. All rights reserved.
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nent from the hyperthermophile, Sulfolobus solfataricus. It is this
enzyme that deﬁnes the substrate speciﬁcity of the whole complex
and we ﬁnd that the recombinant enzyme is catalytically active
with acetoin but not with any of the 2-oxoacids tested. The impli-
cation that S. solfataricus possesses an acetoin dehydrogenase com-
plex is discussed with respect to its possible metabolic role.
2. Materials and methods
2.1. Bioinformatics
Putative OADHC operons were identiﬁed in the S. solfataricus P2
genome from the ENTREZ Nucleotides database (http://www.
ncbi.nlm.nih.gov). BlastP searches (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) of the predicted gene products were performed using
the T. acidophilum OADHC protein sequences.
2.2. Cloning and expression of E1a and E1b genes
The genes encoding the putative E1a and b subunits of the sec-
ond gene cluster (Fig. 1A) were PCR-ampliﬁed as a tandem ampli-
con from S. solfataricus P2 genomic DNA using primers that
introduced an NdeI restriction site at the 50 end of the E1a gene
(catatgtttcaagatatccctaaaagtaaatta) and an XhoI restriction site at
the 30 end of the E1b gene (ctcgagttaccccaatattgatttaactgtatt). The
PCR was performed using Phusion polymerase (New England Bio-
labs), followed by electrophoretic puriﬁcation on a 0.8% agarose
gel and gel extraction using the Promega Wizard kit. The ampliﬁed
DNA was A-tailed using Taq polymerase (GeneSys), ligated into the
pGEM-T Easy cloning vector (Promega) and its sequence deter-
mined. The tandem gene fragment was excised from the cloning
vector and ligated with T4 ligase (Promega) into pET19b (Novagen)
to produce the expression vector pET19b-SsE12, where His-tagged
SsE1a2 was translated from the vector-encoded ribosome binding
site (RBS), whilst the SsE1b2 gene was translated from the Sulfolo-
bus RBS (AGGGTG) located in the insert 8 bp upstream of the start
codon. pET19b-SsE12 was transformed into the Rosetta (DE3)
expression host (Novagen). Cultures were grown at 37 C in LB
medium containing carbenicillin (50 lg/ml) and chloramphenicol
(34 lg/ml) to an OD600  0.6, when cultures were induced with
1 mM isopropyl-b-D-thiogalactopyranoside. Cultures were grown
for a further 16 h at 25 C.
2.3. Puriﬁcation of the recombinant E1 enzyme
Cells were harvested by centrifugation at 3800g and resus-
pended in 50 mM Tris, pH 8, 300 mM NaCl, and 20 mM imidazole.Fig. 1. (A) The arrangement and intergenic distances of the two putative S. solfataricus
Probable transcriptional signal boxes (underlined) are located 20–27 bp upstream start
distance between genes in base pairs (bp) are indicated, as is the position of the 1 bp fr
operons are subscripted 1 and 2, respectively. (B) Alignment of the partial DNA sequence
single base deletion within the SsE2 is indicated by (). The resulting frame shift in SsECells were lysed by sonication and Escherichia coli proteins re-
moved by heat precipitation at 70 C for 30 min. The supernatant
was applied to a 1 ml metal-chelating cellulose column (Bioline)
charged with Ni2+. His-tagged proteins were eluted with 50 mM
Tris, pH 8, 300 mM NaCl and 1 M imidazole, and dialysed against
50 mM Tris, pH 8, 300 mM NaCl.
2.4. Enzyme assays
E1 catalytic activity was assayed spectrophotometrically by fol-
lowing the substrate-dependent reduction of 2,6-dichlorophenol-
indophenol at 595 nm [8]. Unless stated otherwise, assays were
carried out at 80 C in 20 mM potassium phosphate, pH 7.0,
2 mM MgCl2 and 0.2 mM thiamine pyrophosphate, and were
started by the addition of enzyme. The speciﬁc activity was deter-
mined from the change in absorbance at 595 nm using the molar
absorption coefﬁcient of 22 000 M1 cm1, and kinetic parameters
were determined by the direct linear method of Eisenthal and Cor-
nish-Bowden [9].
2.5. Determination of Mr
The Mr of the recombinant enzyme was estimated by gel ﬁltra-
tion using a Superdex 200 10/300 GL column (Amersham) equili-
brated with 50 mM Tris, pH 8, 100 mM imidazole and 100 mM
NaCl. The column was calibrated with a molecular weight calibra-
tion kit (Sigma).
2.6. Growth of S. solfataricus and test for acetoin
S. solfataricus P2 was grown at 70 C in Brock’s medium [10]
supplemented with either 0.2% (w/v) glucose or 0.2% (w/v) L-arab-
inose. The Westerfeld adaptation of the Voges–Proskauer test was
used to test for the presence of acetoin [11]. To 1 ml of culture
were added 0.6 ml 5% (w/v) a-naphthol, 0.6 ml 0.5% (w/v) creatine
and 0.2 ml 40% KOH.
3. Results
3.1. Identiﬁcation of a putative acetoin dehydrogenase gene cluster
Searches of the S. solfataricus P2 genome using the protein se-
quences of the T. acidophilum OADHC components identiﬁed two
gene clusters separated by 170 kb (Fig. 1A). The ﬁrst consists only
of an E1a and b pair (SSO1369 and SSO1370), whereas the second
comprises a second E1ab pair (SSO1525 and SSO1526), an acoX
gene (SSO1527) and two open reading frames (ORFs) that are
annotated as encoding the N- and C-terminal halves of an E2 pro-OADHC gene clusters. Regions 50 of the start of the E3 and E1a genes are shown.
codons (bold). The sizes of the predicted gene products in amino acids (aa) and the
ame shift in the E2 gene. Genes in, and proteins from, the ﬁrst and second putative
s of the Sulfolobus islandicus M.16.27 (SiE2) and the S. solfataricus (SsE2) genes. The
2 causes a TAG stop codon (black) to be in frame.
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(SSO1524) located upstream of the putative operon is one of four
genes in the genome annotated as encoding an E3 enzyme, the oth-
ers being SSO1123, SSO1565 and SSO2559.
The ﬁrst genes of the two putative operons, SsE1a1 (SSO1369)
and SsE1a2 (SSO1525), and the SsE3 gene, all have 50 sequences
that are consistent with S. solfataricus promoter regions, consisting
of a transcriptional box A, 20–27 bp upstream of the start codon,
and no obvious ribosome binding site [12].
Closer analysis of the two E2 gene fragments reveals that a 1
frame shift may have occurred, resulting in early truncation of the
gene and its separation into two apparent ORFs. The genomes of a
number of strains of Sulfolobus islandicus have been sequenced, all
of which contain uninterrupted homologues of the S. solfataricus E2
[13]. A sequence alignment of the S. solfataricus P2 gene with the
homologue from S. islandicus M.16.27 indicated that a single base
pair deletion exists between bases 625 and 629 (Fig. 1B).
The gene acoX is of unknown function and is often associated
with bacterial acetoin dehydrogenase operons. Furthermore, as
noted in the phylogenetic analysis by van Ooyen and Soppa [14],
Blast searches using the S. solfataricus E1a2 and E1b2 gene products
show that the highest sequence identities with biochemically-
characterised proteins are with the corresponding E1 genes of
the acetoin dehydrogenase complex from Clostridium magnum. In
this organism, the acoX gene is similarly located between the E1b
and E2 genes [15].
3.2. Expression and puriﬁcation of the Sulfolobus E1 component
The E1a and E1b genes in SsE12-pET19b were over-expressed in
E. coli and a cell lysate prepared, fromwhich the host proteins were
removed by thermal denaturation at 70 C for 30 min. The SsE12
proteins were puriﬁed from the resulting supernatant by nickel
afﬁnity chromatography, and SDS–PAGE analysis of the puriﬁed
protein (Fig. 2) shows two bands at 43 kDa and 33 kDa, which cor-
respond well with the predicted masses of 39.5 kDa and 35.3 kDa
for His-SsE1a and SsE1b, respectively. The untagged SsE1b co-puri-
ﬁed with His-tagged SsE1a on the nickel afﬁnity column, indicat-
ing that the two proteins interact with one another, and that
they do so in an approximate 1:1 ratio as judged by the intensity
of the bands on the SDS–PAGE gel (Fig. 2). The native mass, as
determined by gel ﬁltration, was 132 kDa which is in reasonable
agreement than the predicted mass of an a2b2 hetero-tetramer
(150 kDa).Fig. 2. SDS–PAGE of the puriﬁed E1 enzyme. (M) molecular weight markers; (1)
soluble lysate; (2) lysate after heat treatment; (3) Ni2+ puriﬁed protein. Bands
representing His-SsE1a and SsE1b are indicated, as are the Mr values of the marker
proteins in kDa.3.3. Substrate speciﬁcity and thermal activity
The recombinant E1 enzyme is catalytically active with acetoin
at 80 C, with a KM for acetoin of 2.8 (±0.2) lM, and a Vmax of 1.1
(±0.1) U/mg. In addition to acetoin, the enzyme is also active with
methylacetoin and diacetyl, with maximum rates of 107% and 59%
that of acetoin, respectively (see [8] for characterisation of the
expected products formed with these three substrates). However,
it has no detectable activity with 2-oxoglutarate, pyruvate or the
branched-chain 2-oxoacids, 4-methyl-2-oxopentanoate, 3-methyl-
2-oxopentanoate and 3-methyl-2-oxobutanoate.
Enzyme assays at a range of temperatures from 45 to 90 C gave
a temperature optimum for the enzyme of 80–85 C (Fig. 3), with
an Arrhenius analysis giving an Ea = 68 kJ mol1.
3.4. Acetoin production by S. solfataricus
S. solfataricus grown at 70 C in medium supplemented with
either glucose or arabinose did not produce acetoin either intra-
cellularly or in the media, as judged by the Voges–Proskauer test.
Spiking of these samples with acetoin conﬁrmed that nothing in
the samples was inhibiting the development of the test.4. Discussion
The data in this paper demonstrate that, within the cluster of
genes in the S. solfataricus genome (E3, E1a, E1b, AcoX, E2), the E1
genes encode a and b proteins that assemble into an a2b2 tetramer
that is catalytically active with acetoin as substrate, with a KM of
2.8 lM, similar to that reported for the Pelobacter carbinolicus en-
zyme (7.7 lM) [8]. Given that all ﬁve genes show signiﬁcant se-
quence identities with the components of known bacterial
acetoin dehydrogenase complexes, it is highly likely that Sulfolobus
contains such a complex. This is the ﬁrst report of a putative acet-
oin complex in an archaeon.
Conﬁrmation of this conclusion has proved problematic as no
whole complex activity, with 2-oxoacids or acetoin, has ever been
detected in any archaeon. The identiﬁcation of a functional OADHC
in Thermoplasma came from the successful assembly and assay of
the recombinant E1, E2 and E3 component proteins; however,
whilst we have cloned and expressed the Sulfolobus E2 component
in a soluble form (K.A.P. Payne, unpublished data), expression of
the E3 gene from a whole variety of vectors has always resulted
in an insoluble protein that has been intractable to resolubilisation
procedures.
One important aspect of the sequence alignments is the pres-
ence of what appears to be a 1 bp deletion within the E2 gene
that would result in the production of a truncated protein. Studies
on the S. solfataricus P2 a-fucosidase gene (fucI) have shown that
this organism is capable of reading through such deletions, thereby
producing full-length, active products through a process known as
programmed ribosomal frame shifting [16]. One possibility is that
the E2 gene is translated in a similar manner. Interestingly, how-
ever, the genome sequence of a new strain of this organism, S. sol-
fataricus 98/2, has just been released. The E2 gene in this strain is
100% identical to the P2 sequence at the nucleotide level with
the exception of a single extra base, which abolishes the frame
shift.
In the event that S. solfataricus produces an active acetoin com-
plex, it is worth considering what its metabolic role might be. The
enzyme catalyses:
AcetoinþCoAþNADþ ! acetaldehydeþ acetyl-CoAþNADHþHþ
Acetoin is a neutral molecule, produced and excreted by some
bacteria during exponential growth to prevent over acidiﬁcation
Fig. 3. Thermal activity of the recombinant E1 enzyme. Activity is expressed as a percentage of the maximum activity at 85 C. Inset: Arrhenius plot of the data.
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mulation of acidic metabolites such as acetate [17]. Acetoin bio-
synthesis involves two enzymes, acetolactate synthase and
acetolactate decarboxylase. The gene encoding acetolactate syn-
thase is present in Sulfolobus species, but there is no obvious homo-
logue of a gene for the decarboxylase. However, acetolactate is a
relatively unstable molecule, and undergoes non-enzymatic decar-
boxylation to either acetoin or diacetyl, depending on dissolved
oxygen levels. Whilst this process is relatively slow at low temper-
atures, the rate increases at high temperatures and low pH [18],
the conditions in which S. solfataricus grows. However, no evidence
was found for acetoin production by S. solfataricus itself. Therefore,
one role of the Sulfolobus complex might be to catabolise exoge-
nous acetoin produced by other organisms present in the same
environment. Sulfolobus species have been shown to coexist in nat-
ure with thermophilic bacteria [19]. Whilst none of these species
has been shown to produce acetoin, some are closely related to
mesophilic organisms that do, such as Thermoanaerobacter species
that are part of the class Clostridia.
Acknowledgements
We gratefully acknowledge ﬁnancial support from the US Air
Force Ofﬁce of Scientiﬁc Research. We also thank Charlotte E. M.
Nunn (University of Bath) for provision of S. solfataricus genomic
DNA.
References
[1] Perham, R.N. (2000) Swinging arms and swinging domains in multifunctional
enzymes: catalytic machines for multistep reactions. Annu. Rev. Biochem. 69,
961–1004.
[2] Xiao, Z. and Xu, P. (2007) Acetoin metabolism in bacteria. Crit. Rev. Microbiol.
33, 127–140.
[3] Jolley, K.A., Maddocks, D.G., Gyles, S.L., Mullan, Z., Tang, S.L., Dyall-Smith, M.L.,
Hough, D.W. and Danson, M.J. (2000) 2-Oxoacid dehydrogenase multienzyme
complexes in the halophilic archaea? Gene sequences and protein structural
predictions. Microbiology 146, 1061–1069.
[4] Wanner, C. and Soppa, J. (2002) Functional role for a 2-oxo acid dehydrogenase
in the halophilic archaeon Haloferax volcanii. J. Bacteriol. 184, 3114–3121.
[5] Heath, C., Jeffries, A.C., Hough, D.W. and Danson, M.J. (2004) Discovery of the
catalytic function of a putative 2-oxoacid dehydrogenase multienzymecomplex in the thermophilic archaeon Thermoplasma acidophilum. FEBS Lett.
577, 523–527.
[6] Heath, C., Posner, M.G., Aass, H.C., Upadhyay, A., Scott, D.J., Hough, D.W. and
Danson, M.J. (2007) The 2-oxoacid dehydrogenase multi-enzyme complex of
the archaeon Thermoplasma acidophilum – recombinant expression, assembly
and characterization. FEBS J. 274, 5406–5415.
[7] Sisignano, M., Morbitzer, D., Gagens, J., Oldiges, M. and Soppa, J. (2009) A 2-
oxoacid dehydrogenase complex of Haloferax volcanii is essential for growth
on isoleucine but not the other branched chain amino acids. Microbiology 156,
521–529.
[8] Oppermann, F.B., Schmidt, B. and Steinbuchel, A. (1991) Puriﬁcation and
characterization of acetoin:2,6-dichlorophenolindophenol oxidoreductase,
dihydrolipoamide dehydrogenase, and dihydrolipoamide acetyltransferase of
the Pelobacter carbinolicus acetoin dehydrogenase enzyme system. J. Bacteriol.
173, 757–767.
[9] Eisenthal, R. and Cornish-Bowden, A. (1974) The direct linear plot. A new
graphical procedure for estimating enzyme kinetic parameters. Biochem. J.
139, 715–720.
[10] Brock, T.D., Brock, K.M., Belly, R.T. and Weiss, R.L. (1972) Sulfolobus: a new
genus of sulfur-oxidizing bacteria living at low pH and high temperature.
Arch. Microbiol. 84, 54–68.
[11] Speckman, R.A. and Collins, E.B. (1982) Speciﬁcity of the Westerfeld
adaptation of the Voges–Proskauer test. Appl. Environ. Microbiol. 44, 40–43.
[12] Tolstrup, N., Sensen, C.W., Garrett, R.A. and Clausen, I.G. (2000) Two different
and highly organized mechanisms of translation initiation in the archaeon
Sulfolobus solfataricus. Extremophiles 4, 175–179.
[13] Reno, M.L., Held, N.L., Fields, C.J., Burke, P.V. and Whitaker, R.J. (2009)
Biogeography of the Sulfolobus islandicus pan-genome. Proc. Natl. Acad. Sci.
USA 106, 8605–8610.
[14] van Ooyen, J. and Soppa, J. (2007) Three 2-oxoacid dehydrogenase operons in
Haloferax volcanii: expression, deletion mutants and evolution. Microbiology
153, 3303–3313.
[15] Kruger, N., Oppermann, F.B., Lorenzl, H. and Steinbuchel, A. (1994)
Biochemical and molecular characterization of the Clostridium magnum
acetoin dehydrogenase enzyme system. J. Bacteriol. 176, 3614–3630.
[16] Cobucci-Ponzano, B., Conte, F., Benelli, D., Londei, P., Flagiello, A., Monti, M.,
Pucci, P., Rossi, M. and Moracci, M. (2006) The gene of an archaeal alpha-L-
fucosidase is expressed by translational frameshifting. Nucleic Acids Res. 34,
4258–4268.
[17] Yoon, S.S. and Mekalanos, J.J. (2006) 2,3-Butanediol synthesis and the
emergence of the Vibrio cholerae El Tor biotype. Infect. Immun. 74, 6547–6556.
[18] Kobayashi, K., Kusaka, K., Takahashi, T. and Sato, K. (2005) Method for the
simultaneous assay of diacetyl and acetoin in the presence of alpha-
acetolactate: application in determining the kinetic parameters for the
decomposition of alpha-acetolactate. J. Biosci. Bioeng. 99, 502–507.
[19] Hetzer, A., Morgan, H.W., McDonald, I.R. and Daughney, C.J. (2007) Microbial
life in Champagne Pool, a geothermal spring in Waiotapu, New Zealand.
Extremophiles 11, 605–614.
